The Mossbauer spectra of cobalt-57-doped magnesium oxide have been studied between 1.3 and 550 0 K in external magnetic fields of up to 135 kOe for both single-crystal and polycrystalline samples. At room temperature and zero external magnetic field, the velocity spectrum is composed of three single lines, attrib uted to monovalent, divalent, and trivalent iron. In certain samples, for T <14oK, the Fe 2 + line undergoes a transition to a quadrupole doublet with a splitting ~EQ=0.30±0.02 mm/sec, while in certain other samples, annealed differently, no doublet is observed down to l.s o K. The first case is in quantitative agree ment with a random-strain model proposed by Ham. The application of an external magnetic field induces a magnetic hyperfine interaction for the three charge states with saturation hyperfine fields of approximately +20, -120, and -~60 kOe for Fe 1 +, Fe 2 +, and Fe 3 +, respectively. From these values the core polarization contribution per spin is estimated to be -127 kOe/P.B. Effects of slow paramagnetic relaxation for the Fe 2 + spectrum in the presence of an external magnetic field have been observed. In addition to the magnetic hyperfine interaction, an external magnetic field induces an Fe 2 + quadrupole interaction, as predicted by crystal-field theory. From the value of this interaction, AEQ' =0.32 mm/sec, the 67Fe nuclear quadrupole moment is estimated to be +0.21 b.
I. INTRODUCTION
cubic symmetry produced by random strains in the A NUMBER of interesting phenomena are associ crystal 2 or by the application of an external magnetic field 2 -5 which reduces the symmetry. Such a quadrupole ated with the behavior of magnetic impurities in interaction, having no lattice contribution, has proved diamagnetic systems. Magnesium oxide provides a useful in estimating the value of the nuclear quadrupole nearly ideal host because it has a simple cubic structure moment. An external magnetic field may also induce a (NaCI type) and a Goldschmidt ionic radius close to magnetic hyperfine field. This field may be considered that of the iron group (0.78 Afor M g2+). Small amounts as the sum of three contributoins: core polarization, of iron, for example, can be incorporated as impurities orbital, and dipolar. While the last two terms may be at substitutional sites, the divalent cation lying at the calculated using crystal-field theory, the first one is center of an octahedron of six oxygen ions. A powerful less accessible. We will show how the core-polarization tool for investigating the iron impurity behavior in term can be derived from the experimental saturation solids is provided by the Mossbauer technique because hyperfine fields and how their values tend to confirm the impurity itself acts as a microscopic probe. These the systematics observed in iron-series salts. results may be correlated with data obtained by other Single crystals and pressed-powder pellets of MgO techniques such as EPR spectroscopy. Here we pre were doped with 57CoCl 2 aqueous solution, heat treated, sent our investigation of the temperature and field and used as sources. The 14.4-keV l' ray emitted after dependence of the electric and magnetic hyperfine the decay by electron capture of 57CO to the excited interactions of iron diffused into magnesium oxide. 1 state of 57Fe allowed us to use the Mossbauer technique Three charge states corresponding to Fe 1 +, Fe 2 +, and to probe the iron nucleus in the host lattice. An in Fe 3 + were observed in MgO by means of their respec dependent study of iron-doped MgO absorbers was tive isomer shifts. The quadrupole interaction reflects performed by Leider and Pipkorn 6 which generally the charge symmetry seen by the nucleus but, as will agrees with our observations. be seen for the Fe 2 + ion, a cooperative distortion of the lattice is not required for the observation of quadrupole II. EXPERIMENTAL PROCEDURE splitting. It can appear because of local departures from
The Mossbauer experiments were carried out, using a constant acceleration electromechanical drive system together with a multichannel analyzer for collecting and storing the data. The temperature range of in vestigation extended from 1.3 to SSOoK. The magnetic fields were produced by a wire-wound water-cooled solenoid producing up to 5 kOe, a lS0-kOe water-cooled Bitter solenoid or a NbaSn superconducting magnet capable of operating in the persistent m?de up to 7.5 kOe. All experiments were performed USIng the longI tudinal configuration (field parallel to the ")'-ray propagation direction).
An aqueous solution of 57CoC1 2 was deposited onto the (100) surfaces of the single-crystal samples. For most of the results presented here, the doped crystals were annealed at 1200°C in air for 24 h followed by slow cooling. Powder pellets were made by pressing the powder and subsequent heating at 1200°C in air for 24 h. 57CoC1 2 was then deposited and annealed under the same conditions as for the single crystals. Sources prepared in this way will be subsequently referred to as source A. The effects of various annealing conditions, such as higher temperature (source B), quenching, hydrogen atmosphere (source C), or vacuum were also studied. By recording Mossbauer spectra of samples annealed under various conditions, we have observed that the diffusion process occurred only after heating 4 h at 800°C in air. The strength of each source was typically about 1 mC (",,10 ~g Co) deposited on a 4-sq mm spot. The resonant absorber was nonmagnetic sodium ferrocyanide which exhibits an unsplit narrow line; the absorber was kept at room temperature and in zero external field in all experiments.
III. EXPERIMENTAL RESULTS
Room-temperature velocity spectra of 57Co-doped MgO, both single crystals and powder pellets (source A), are shown in Fig. 1 . Each spectrum is characterized by three lines, the positions of which relative to zero velocity are given in Table I . From these positions and from the isomer-shift systematics, 7 shall describe later. The origin of the different charge states will be discussed in Sec. IV A.
The relative line intensities were strongly influenced by various heat treatments. For example, heating at lS00°C in air for 48 h (source B) slightly increased the intensity of the 3+ line but almost completely removed the 1+ line. A hydrogen atmosphere (source C) produced an intense line at zero velocity with respect to sodium ferrocyanide (Fig. 2) . Rapid quenching to room temperature greatly changed the relative in tensities, as shown in Fig. 3 for a type-A pressed-powder pellet. In this case the 1+ line increased at the expense of the 2+ line while the 3+ line was unaffected, the integrated area of the spectrum did not vary, thus indicating a change in the relative concentration of the 1+ and 2+ states. Experiments at various tem peratures indicated a strong temperature dependence for the intensity of the 1+ line which decreased with an increasing temperature and almost vanished at 550 0 K as shown in Fig. 4 for a powder pellet. The same temperature dependence can be seen by comparing the single-crystal spectra of Figs. 1 and 5. The Fe 2 + and Fe 3 + line intensities were much less sensitive to changes in temperature. The second-order Doppler shiftS be-
. J w \. + line position when an MgO crystal goes through the transition. In Fig. 6 , we com pare this counting rate to the (constant) value recorded at the Fe 1 + position. The sharp decrease observed is due to the sudden broadening of the Fe 2 + line occurring within approximately 2°K. The origin of this quadrupole coupling and its temperature dependence will be dis cussed later in terms of Ham's mode1.
2 However, for the MgO crystals of type B, annealed at 1500 instead of l200°C, no resolved doublet was observed at tem peratures as low as 1.5°K, but only a slight broadening (Fig. 7, linewidth=0 .43 mm/sec at 6°K compared to 0.35 mm/sec at 77°K).
Some experimental spectra at 4.2°K and at different external magnetic fields Hoare shown in Fig. 8 about Hol""VS kOe, depending upon the heat treatment of the crystal.
In addition to the magnetic hyperfine structure, an external magnetic field induced a quadrupole inter action for the Fe2+ spectrum in both types A and B sources. This is more clearly seen in a type-B single crystal where the Fe 1 + and Fe 3 + states are very weak. +. The Fe2+ isomer shift (-1.10 nun/sec relative to sodium ferro cyanide) agrees with the values noted by various authors in both sources 12 and absorbers. 6 ,12,13 Calcula tions by Walker et al. 7 predict an isomer shift of -1.40 mm/sec relative to stainless steel in a purely ionic ferrous compound (used as a source). Our measurements indicate -1.15 nun/sec relative to stainless steel. This reduced value correspond to a "" 10% covalent bond according to these calculations. The covalent character of the bonding has also been noted by EPR mea surements.14 Although the previous charge-state identification is the most straightforward explanation of the observed spectra, we must consider other possibilities, such as the presence of an asymmetric quadrupole doublet superimposed upon a single line. In the latter case the doublet would be centered about the Fc2+ line position, the two components corresponding to our designations Fe 1 + and Fe 3 +. An asymmetric doublet can result from an asymmetric Debye-Waller factor (Gol'danskii effect) .15 In this case a rotation of the crystal should produce a relative change in the component intensities. Such a change was not observed experimentally. More over, we observed (Fig. 4 ) that the asymmetry of this doublet decreased as the temperature was raised con trary to what would have been expected on the basis of a Gol'danskii effect; therefore, we have ruled out such an interpretation. An asymmetric doublet might also result from electronic spin-lattice relaxation as described by Blume. 16 In this case, raising the temperature would decrease the asymmetry of the quadrupole pattern as observed here (Fig. 4) ; but the relaxation effect would also produce a broadening of the lines. Our spectra did not show any significant broadening within the experi mental errors in a temperature range from 20 to SSOoK.
Additional evidence for the existence of Fe 1 + and Fe 3 + is provided by the effect of various heat treatments which produced strong changes in the relative inten sities of these two lines (Figs. 2, 3, and 7 ). For instance, heating the crystal in air at very high temperature (source B) increased the Fe 3 + line and decreased the Fe 1 +, as would be expected from the oxidation process. Further evidence to support our designation of the charge states will be given later by the sign and magni tude of the external field induced hyperfine fields. Assuming the superposition of the Fe 1 + and Fe 2 + major charge states, the spectra were separated by computer curve fitting (Fig. 8) and the values of the core-polarization fields which were derived are in agreement with other measurements of these quantities. Moreover, the suppression of the (Fig. 9) . It must be pointed out that all three charge states associated with point defects have been observed in the EPR study of MgO. 17 The EPR work also indicates COl+ and C0 2+, which are in fact the ions first stabilized in our sources. Multiple charge states have also been revealed in the Mossbauer investigation of several other compounds doped with 57CO. Fe 1 + was reported in NaCPs and Cu 2 0,19 with an isomer shift of about -2 mm/sec relative to stainless steel. We observe -1.6 mm/sec in MgO and -1.7 mm/sec in Ca0 1 (b) for Fe 1 + relative to stainless steel. The trivalent state has been seen in 57Co-doped COO,20 MgO,t2 Cu 2 0,19 and iron doped MgO absorbers. 6 The monovalent charge state could be explained in terms of oxygen vacancies. But if such were the origin, the electric-field symmetry about the Fe nucleus would have been strongly altered and a quadrupole doublet instead of a single line would have been observed. In stead of having an oxygen vacancy, one could imagine a hydroxyl group replacing an oxygen ion thus balancing the Fe 1 + charge state while not strongly affecting the synunetry about the iron nucleus. This hypothesis is supported by different observations. First, it has been shown both theoretically21,22 and experimentally by infrared spectroscopy23 that hydroxyl groups persist in appreciable amounts in MgO even after heating at high temperature and are located mainly near the sur face. As a' confirmation, we observed a strong decrease in the Fe 1 + line by heating the crystal to higher tem peratures (Fig. 7) where one would expect that many of the hydroxyl ions would be evaporated while the cobalt ions would be diffused deeper into the crystaL Most of the 'Y rays which we counted in our experiments originated near the surface of the crystal; while in the absorbers,6.12 where the impurity ions were distributed unifonnly throughout the sample volume, no Fe 1 + line was observed. Other attempts 19 ,24 to observe Fe 1 + in MgO sources failed when the samples were prepared by firing a solution of 57CO chloride and magnesium nitrate. Here again, not only the surface, but the whole volume of the sample was involved. Furthermore, we observed that the Fe 1 + line always had a stronger intensity in the powder pellet (Fig. 1) where the surface area is larger than in the single crystal. This surface effect could also account for the lower Debye temperature observed for Fe I + as compared with Fe 2 +. The trivalent charge state has an isomer shift which is characteristic of ferric systems 7 (Table I ). The amount of Fe 3 + in the crystal can be slightly increased by raising the annealing temperature, suggesting an oxidation of the cobalt ions from Co 2 + to C0 3+. The same feature was observed by Wertz et ale in their EPR experiments. 17 Such a trivalent state, exhibiting a single line, was observed by Wertheim in an early study of 57Co-doped MgO.12 In the iron-doped absorbers the trivalent state was also observed,6,25 but instead of a single line a quadrupole doublet with a large splitting (0.74 mm/sec in Ref. 6) is present. This quadrupole splitting has been attributed to a charge-compensating cation vacancy.25 Wertheim 20 has proposed an explanation for higher charge states such as Fe 3 + which would explain the difference of behavior of sources and ab· sorbers. The trivalent state may be obtained as a result of the aftereffects of the electron-capture decay of 57CO, 26 which can produce multiply ionized atoms. These charge states may be observed provided that their lifetimes are of the order of or greater than ~ 10-7 sec, which is the lifetime of the 57Fe, 14. in CoO as resulting from nonequivalent sites due to deviations from stoichiometry. At this point it is not possible from our measurements to decide which (if either) mechanism is responsible for the observed Fe 3 + line in the MgO sources.
When an MgO sample was prepared by heating in a hydrogen atmosphere, the room-temperature Moss bauer spectrum consisted mainly of a line at zero velocity relative to sodium ferrocyanide (Fig. 2) . This line may be attributed to a low-spin ferrous ion. This is hard to understand in a cubic material, but it seems likely that heating in hydrogen destroys the local cubic symmetry by creating vacancies or inserting interstitial hydrogen atoms mainly in the crystal sur face. We also noticed that a small external magnetic field (~3 kOe) did not affect the zero velocity line, apart from the broadening corresponding to the applied field. Such a low-spin state has, for example, been reported in hydrogen-fired 57Co-doped SrTi0 3 • 28
The onset of an Fe2+ low-temperature quadrupole splitting observed in this cubic material (Fig. 5) in the absence of an external magnetic field was first inter preted by Ham 2 on the basis of crystal-field theory. This comes about as a result of the electric field gradient produced at the 57Fe nucleus by the valence electrons of Fe 2 + combined with random strains in the crystal which remove the electronic degeneracy of the ground state triplet. The ground state of the ferrous ion is 3d 6 5D, with L= 2 and S= 2. In MgO, this ion is at the center of an octahedron of nearest-neighbor oxygen ions. Therefore, the crystalline cubic field splits the ground term into a lower-orbital triplet and an upper orbital doublet, separated by 10 Dq~104 em-l • U The orbital triplet, which behaves as an L= 1 manifold because of the 1211-P equivalence,29 is further split by the spin-orbit interaction into a number of levels of which a r 5(1 triplet is lowest, with an effective J' = 1 (Fig. 10) . In the presence of an arbitrary static strain 2 (strain splitting small compared to spin-orbit coupling) the threefold degeneracy may be lifted. Each electronic eigenstate may be written as
where 1~), 111), and Ir> transform, respectively, like yz, zx, xy, and a, b, C are real coefficients. 2 The quad rupole splitting due to the interaction between the nuclear quadrupole moment Qof 57Fe and the electronic state ItI') was calculated by Ham and is given by (2) where Ca and C5 are coefficients of the quadrupole oper ator. Using point-charge crystal-field mdoel, Ca and C5 
Q/I(21-1). (3)
Here (r-3 ) refers to the expectation value using one electron d orbitals, (1-R) represents the Sternheimer shielding,30 and I is the excited-state nuclear spin. Therefore, Eq. (2) yields As we mentioned previously, the type-B MgO samples which were annealed in air at 1500 instead of 1200°C do not exhibit an Fe 2 + quadrupole doublet at temperatures down to 1.5°K. Since we observed here only a single line for Fe 2 +, we need to assume fast relaxa tion between the electronic levels. This point will be discussed in more detail in Sec. IV D.
c. Fe 2 + Magnetic-Field-Induced
Quadrupole Interaction
As mentioned earlier, a quadrupole interaction !:J.E Q ' = e2q'Q= O.32±O.OS mm/sec was observed when an external magnetic field was applied.
I ,6 The origin of this interaction is completely independent from the strain induced quadrupole coupling previously described. It was first pointed out by Marshall 37 who suggested that it is due to the spin-orbit coupling which produces an asymmetrical charge cloud, since the orbital angular momentum is not completely quenched in the ferrous state. The theory of this magnetically induced quad rupole interaction has been worked out by several authors. 2 -5 This shows that the electric field gradient has an axial symmetry and is collinear with the magnetic field. Such a quadrupole interaction in a cubic material has been observed in the magnetically ordered com pounds COO,20 NiO,38 MnO,38 and FeCr 2 S4,5,39,40 below their ordering temperatures. In all these cases, it is the ex change field which induces the quadrupole interaction, while in the case of MgO,I,6 it is the externally applied magnetic field which is responsible for the observed quadrupole splitting.
The magnetic field lifts the degeneracy of the spin orbit triplet r so and, if the field is large enough, the strain splitting (-"4X 10-2 em-l) becomes negligible compared with the Zeeman splitting ("-'9 em-I for H 0= SO kOe). Then the electronic eigenstates are no longer detennined by the strain (Eq. 1), but are the eigenstates of J «' with J «'= 0 and ± It is worth pointing out that this quadrupole inter action can be used to get an estimate of the nuclear quadrupole moment Q of 57Fe since there is no lattice contribution to the electric field gradient which arises solely from the electronic charge distribution. The experimental value for the magnetically induced quad rupole interaction gives Q= +0. We shall now discuss the Fe 2 + magnetic hyperfine interaction induced at the iron nucleus by an external magnetic field. For a paramagnet we may write the observed field at the nucleus H n as Hn=Ho±Hhf ,
where H 0 is the external applied field and H hf is the field at the nucleus due to the atomic electrons in the sample. The Fe 2 + observed spectrum will here depend on whether the relaxation rate among the three elec tronic states J a' = +1, 0, -1 is fast or slow compared with the Lannor precession time of the nucleus. This is illustrated in Fig. 11 . In the first case, fast relaxation, 
where H hf8 is the saturation hyperfine field, B J ' is a Brillouin function for an effective spin J', and g is the electronic g factor. The spectrum should then consist of four lines (longitudinal configuration) with a splitting corresponding to Ho-Hhf• The solid curve in Fig. 12 represents this case for I' = 1 and H hf 8 = -120 kOe at T=4.2°K. On the other hand if the relaxation rate is slow, there is no average over the three states and each contribution may be seen separately; the states J «'= ± 1 give rise to hyperfine fields of equal magnitude but with opposite signs. The state J «' = 0 gives only a central quadrupole split doublet. Therefore we expect the spectrum to be the superposition of the three pat terns (Fig. 11) , the outennost lines of the I a '=±l states being now separated by H hf 8±H o , respectively. As H 0 increases the splitting between the electronic levels becomes greater while the relative line intensities vary due to changes in the Boltzmann distribution. This is the last case which is observed (Fig. 8) . the state J a' = 0 and another straight line corresponding to J a' = -1. These results clearly indicate a slow relaxation rate among the three-electronic states.
The experimental values of H hf in the foregoing dis cussion were all made at 4.2°K. It is of interest to study the temperature dependence of the magnetic hyperfine structure induced by a given field in order to see if the motional narrowing observed for the strain induced quadrupole coupling occurs also for the magnetic hyperfine pattern, since the same mechanism is in volved. As may be seen in Fig. 13 , H hf induced in samples A by H 0= 5 kOe is temperature-independent until T reaches approximately 12°K, then H hC decreases suddenly and the hyperfine pattern vanishes because of motional narrowing. The behavior noted here is quanti tatively quite similar to that observed in Fig. 6 for the quadrupole coupling. Actually, a difference of about 1OK is expected for the transition temperature in the two cases because the relaxation time necessary to narrow the hyperfine splitting (T=h/dE hf ) is different from that necessary to narrow the quadrupole splitting, (T=h/D.EQ). The constancy of H hf below "'12°K and
its sudden disappearance above this temperature are in agreement with Ham's interpretation.
2
In samples A, the hyperfine field begins to appear at H o"'250 Oe and reaches its saturation value (-120 kOe) for H 0'" 800 Oe where the Brillouin function B 1 is only "'-'0.04. The reason why the magnetic hyperfine structure is not observed here for H 0< 250 Oe was suggested by Ham. 2 The strain splitting of the ground state triplet (",-, 10-2 em-I) is at least one order of magni tude greater than the hyperfine interaction. Therefore, the strains in the crystal prevent observation of the hyperfine structure. By increasing the external magnetic field, the hyperfine structure appears when the strain splitting becomes negligible in comparison with the Zee man splitting. From the value H 0"'-' 250 Oe, Ham derived an estimate (4X 10-2 em-I) for the typical amount of strain splitting in the MgO crystals. This value agrees with estimates from paramagnetic resonance studies. 41 ,42 We have confirmed this interpretation by applying uniaxial stress which increases the amount of strain in the crystal. In particular the strain produced by a pressure of 2600 kg/cm 2 wiped out the magnetic hyper fine structure induced by an external field H 0= 1 kOe. 43 Details of these measurements will be published elsewhere.
For the type-B sources heated at 1500°C, the magnetic hyperfine structure began to appear at Ho"'-'S kOe and reached its saturation value at H 0'" 10 kOe. The heat treatment was responsible for this behavior since both A and B sources came from the sanle single crystal. Also, the B samples did not exhibit a low-tem perature quadrupole splitting in zero magnetic field. These results suggest that in these samples the relaxa tion rate for low external magnetic field is faster than in the A samples. The nature of this rapid relaxation is not well understood. On the basis of spin-lattice relaxation, the relaxation rate should be temperature-dependent and field-independent. Using Eq. (9) in Ref. 2 and the fact that we observed a hyperfine field at 4.2°K and H o~ 5 kOe we should observe the strain-induced quadrupole interaction at 1.5°K because the relaxation time T increases by a factor of "'-' 10 when T goes from 4.2 to 1.5°K. This increase in T should allow the observa tion of the quadrupole splitting since the relaxation time associated with the quadrupole interaction is approximately three times the one associated with the magnetic hyperfine structure. \\'ith respect to the field dependence of the magnetic hyperfine interaction, the fact that it began to appear only at H o"'5 kOe nlay be due to a field-dependent relaxation mechanism. This cannot be explained by spin-lattice relaxation since the dominant term is a field-independent Orbach process. would be a spin-spin relaxation mechanism 44 which is field-dependent (T decreases with an increase of H 0) and temperature-independent. In samples A, the threshold field, H oJ'OV250 Oe, at which the magnetic hyperfine structure appeared was used in order to give an estimate of the strain split ting in the crystal. In samples B, this threshold field was J' OVS kOe. But, since we do not know whether the absence of magnetic hyperfine structure below 5 kOe is due to the strain or to fast relaxation, we are able only to derive an upper limit (J' OV 1 em-I) for the strain splitting in samples B. In fact, it is even possible that the amount of strain there is smaller than in the samples A. This could be checked by EPR spectroscopy.
The hyperfine field at the nucleus may be written as a sum of tenns
where H CP, H ORB, and HDIP are the core-polarization, orbital, and dipolar contributions. In tenns of the electronic state,
where H cp/2(Sa) is the core-polarization field per spin, the expectation values refer to the L = 2, S = 2 basis, and khf is an orbital hyperfine reduction factor. It must be remembered that the orbital reduction factor k hf appropriate to the hyperfine interaction is not neces sarily the same as the orbital Zeeman reduction factor k ze observed for example in EPR spectroscopy. This is discussed in more detail in the Appendix. The orbital and dipolar contributions in Eg. (9) may be calculated. Using the observed value of H hf we may therefore derive the core-polarization tenn, H cpo In order to calculate the expectation values for Eq. (9) it is more appropriate, since we apply an external magnetic field, to take the eigenstates of la' as our electron basis functions. They are easily written, using the appropriate Clebsch-Gordan coefficients, 46 cp(la' = ± 1) = =t=(i/V2) (I t)±il1J») and cp(la' = 0) = i! r).
(11)
The expectation values (La) and (Sa) are found equal to ±! and ±!, respectively, for J a'=±I. We obtain H cp/2(Sa) = -127 kOe/~B to -116 kOe/~B, depending on whether the Zeeman reduction factor is due to a dynamic Jahn-Teller effect or to covalency (columns 2 and 3, respectively, in Table II) . At this point, it is not known which effect dominates. However, in both cases the value of H cp/2(Sa) is in general agreement with the systematics of core-polarization fields in the divalent iron series, which gives a roughly constant value of -125 kOe/,uB. (Fig. 8) . We plot in Fig. 15 When a large enough external magnetic field was ap plied (Zeeman splitting greater than strain splitting) and Fe 2 + quadrupole splitting was induced by the field, in agreement with theoretical predictions. 2 -s From this quadrupole interaction we estimate the nuclear quad rupole moment of 57Fe to be +0. 21 b. An external field also induced a magnetic hyperfine structure for all three charge states. From the measured hyperfine field we derived the core-polarization contribution to the hyperfine field, using calculated values for the orbital and dipolar contributions. We found in both Fe 1 + and Fe 2 + a core-polarization field per spin of -127 kOe/~B, in agreement with the systematics of these tenns in the 3d transition metal ions. A case of slow paramagnetic relaxation in a ferrous compound is illustrated by the behavior of the external field dependence of the in duced hyperfine field. 
